The Drosophila Pax-6 homologs eyeless (ey) and twin of eyeless (toy) are expressed in the eyes and in the central nervous system (CNS). In addition to the pivotal functions in eye development, previous studies revealed that ey also plays important roles in axonal development of the mushroom bodies, centers for associative learning and memory. It has been reported that a second intron enhancer that contains several Pax-6 binding sites mainly controls the eye-specific expression, but the DNA sequences that control CNS expression are unknown. In this work, we have dissected transcriptional enhancer elements of the ey gene that are required for the CNS expression in various developmental stages. We first show that CNS expression is independent of the eye-specific enhancer of the second intron. By systematic reporter studies, we have identified several discrete DNA elements in the 5 0 upstream region and in the second intron that cooperatively interact to generate most of the ey expression pattern in the CNS. DNA sequence comparison between the ey genes of distant Drosophila species has identified conserved modules that might be bound by the upstream regulatory factors of the ey gene in CNS development. Furthermore, by RNA interference and mutant studies, we show that ey expression in the brain is independent of the activity of toy and ey itself whereas in the eye primordia it requires both, supporting the notion that ey and toy are regulated by parallel and independent regulatory cascades in brain development. q
Introduction
The problem of how the different parts of the brain are genetically organized and interconnected into precise networks is of particular importance for understanding the molecular processes of neural patterning. Genetic and molecular studies have identified a number of regulatory genes that play pivotal roles in early brain patterning and are conserved across diverse animal phyla (Hirth et al., 1995; Callaerts et al., 1997; Rubenstein and Beachy, 1998; Simeone, 2002) . Among such genes, Pax-6 has been identified as a key regulatory gene for patterning the most rostral parts of the brain (Callaerts et al., 1997; Stoykova and Gruss, 1994; Hanson and van Heyningen, 1995; Stoykova et al., 1996) . In vertebrates, Pax-6 is expressed in various parts of the fore-, mid-, and hindbrains. Mutation of the Pax-6 gene leads to severe developmental defects in the brain and spinal cord. Furthermore, Pax-6 plays a key role in eye morphogenesis and acts high up in the regulatory pathway of eye development throughout the metazoa (reviewed in Callaerts et al., 1997; Gehring and Ikeo, 1999) . Targeted expression of Pax-6 leads to induction of ectopic eyes in both Drosophila and vertebrates (Halder et al., 1995; Altmann et al., 1997; Chow et al., 1999) .
In Drosophila, two Pax-6 genes, eyeless (ey) and twin of eyeless (toy), have been identified (Quiring et al., 1994; Halder et al., 1995; Czerny et al., 1999) . In addition to their pivotal roles in eye development, both ey and toy are expressed in the central nervous system (CNS), particularly in the mushroom bodies (MBs) (Kurusu et al., 2000; Noveen et al., 2000; Callaerts et al., 2001; Kammermeier et al., 2001) , which are higher-order brain centers for olfactory associative learning and elementary cognitive functions (reviewed in Heisenberg, 1998) . Whereas ey has been shown to have an important function in axonal differentiation of the MB neurons (Kurusu et al., 2000; Noveen et al., 2000; Callaerts et al., 2001) , the function of toy and its possible regulatory interaction with ey in brain development is largely unknown.
Molecular genetic studies have shown that in addition to ey and toy, dachshund (dac) (Mardon et al., 1994) , another eye development regulator, also has crucial functions in MB development, as mutations in dac lead to marked disruption and abnormal projections of MB axons (Kurusu et al., 2000; Martini et al., 2000) . In contrast to the regulatory pathway of eye development, the expression of ey and dac is independently regulated in the MBs. Furthermore, the regulatory genes sine oculis (so) and eyes absent (eya), which are part of a positive feedback loop with ey in the developing eye, are not expressed in the MBs (Desplan, 1997; Czerny et al., 1999; Pichaud et al., 2001 ). In summary, several genes that are part of the regulatory network in eye development also play a role in brain development. However, the gene regulatory network controlled by ey and toy in brain development and the molecular mechanisms that govern the complex expression patterns of the Pax-6 genes in the brain are largely unknown.
In this study, we analyzed the cis-regulatory regions of ey that promote gene expression in various parts of the developing CNS, including the MBs and optic lobes. Computer-aided sequence comparison of ey genes of distant Drosophila species identified conserved modules, which are also found in the regulatory regions of toy. Furthermore, we demonstrate that ey and toy are independently regulated in the brain. The results described in this paper provide important information for understanding the molecular mechanisms of brain patterning by the Drosophila Pax-6 homologs and will lead to the elucidation of the molecular mechanisms that are responsible for generating the complex expression patterns of the Pax-6 genes in brain development.
Results

Expression of ey in the developing CNS
The expression of EY in the CNS is first detected in the ventral nerve cord (VNC) at stage 9 and in the early brain at stage 10 (Quiring et al., 1994; Czerny et al., 1999) . After germ band retraction, several clusters of EY-expressing cells are observed in the embryonic brain (Fig. 1A,B) . EY is expressed in several clusters of cells in each of the embryonic brain neuromeres (b1, b2 and b3; Hirth et al., 1995) as described previously Kammermeier et al., 2001 ). In the first neuromere b1, a prominent cluster of EY-expressing cells are observed at the most anterior region (in neuraxis), which give rise to the MBs (Kurusu et al., 2000; Noveen et al., 2000) . Additional groups of cells are located dorsally (b1D), ventrally (b1V) and medio-laterally (brackets). In contrast, EY is not expressed in the optic lobe primordia. In the ventral neuromeres EY is expressed in a large segmental pair of cells located laterally as well as in a few pairs of cells located more medially (Fig. 1C) . Later in the third instar larval stage EY is expressed in MBs, medial part of the optic lobes and in segmental pairs of cells in the VNC (Fig. 1D ). In the larval MBs, EY is strongly expressed in all MB neurons (Kenyon cells) (Fig. 1E) (Kurusu et al., 2000; Noveen et al., 2000; Callaerts et al., 2001) . After metamorphosis, EY expression is detected in many clusters of neural cells in the adult brain (see Fig. 6G for schematic presentation). Strong EY expression continues in the Kenyon cells located in the posterior-dorsal region of the adult brain (Fig. 1F ).
Transposon insertions in the ey gene
A GAL4 enhancer trap, OK107, was initially isolated as an enhancer trap line that shows strong MB expression in the adult brain (Connolly et al., 1996) . Its P-element is inserted on chromosome 4, where ey is located. By PCR and sequencing, we mapped the exact location of the OK107 insertion to be 6.5 kb upstream of the first exon of ey ( Fig. 2A) . We have confirmed that OK107 is indeed expressed in the embryonic MB primordia (Fig. 2B,C) as well as the larval MBs (Fig. 2D -F) . Double immunostaining verified colocalization of OK107 expression and EY in the brain, in that all GAL4-expressing neurons in OK107 indeed express EY, although many EY-expressing cells in other regions of the CNS do not express OK107 GAL4. In MBs, OK107 faithfully recapitulated the EY expression throughout brain development (Figs. 2B -G, 6A,D). The coexpression of OK107 and EY in MBs was further confirmed in a complementary experiment, in which we used OK107 to drive a dominant-negative form of EY (Niimi et al., 2002) . The phenotypes observed in this experiment reproduced the range of MB phenotypes (Fig. 2H,I ) observed in ey mutants (Noveen et al., 2000; Kurusu et al., 2000; Callaerts et al., 2001) .
In parallel, we analyzed EY expression in ey 2 , which is a severe hypomorphic mutation for eye development due to the insertion of a doc transposon at the Pax-6 binding sites in the second intron ( Fig. 2A ; Quiring et al., 1994; Czerny et al., 1999) . The insertion abolishes EY expression in the eye primordia, but not in the brain (Fig. 2J,K) . Consistently, ey 2 mutants display extensive apoptosis in the eye imaginal discs (Quiring et al., 1994; Halder et al., 1998) while ey 2 brains suffer from only minor branching defects of MB lobes (Fig. 2L ). This is different from the MB defect described by Noveen et al. (2000) , in which ey 2 brains display abnormal fusion of the medial MB lobes. We speculate that the discrepancy may be related to different genetic backgrounds of the fly stocks. Thus the different expression patterns in OK107 and ey 2 , and the eye-only phenotypes in ey 2 , highlight distinct requirements of ey cisregulatory regions in the CNS and the eye.
Enhancer activities of the first and second introns
To identify the cis-regulatory sequences that control ey expression during brain development, we analyzed the transcriptional potential of various genomic fragments of ey using in vivo LacZ reporter constructs (Fig. 3A , Tables 1  and 2 ). Colocalization of the LacZ patterns was verified by double immunostaining with anti-b-galactosidase and anti-EY.
It was previously shown that a 3.6 kb DNA fragment encompassing the second intron (E3.6) drives robust expression in the embryonic and the larval eye discs (Hauck et al., 1999) . However, reporter expression of E3.6 is limited in the embryonic brain (Fig. 3B) and undetectable in the larval CNS except for some ectopic cells in the VNC (Fig. 3C) . A small DNA fragment (D02; Hauck et al., 1999) harboring the Pax-6 binding sites drives LacZ expression in both the embryonic and larval eye primordia but not in the brain (Fig. 3D,E) . Similar results were obtained with 3D27 and 5D12, which represent the 5 0 and 3 0 parts of the intron, respectively, each harboring Pax-6 binding sites (Fig. 3H,I ). By contrast, strong CNS expression is detected by reversing the entire intron construct (E3.6R; Fig. 3F ), suggesting that a CNS enhancer might be located in the second intron, and be orientation dependent. In the larval brain E3.6R expression is undetectable though expression in the eye discs continues (Fig. 3G) .
Constructs having the first intron (ey16 and E2) show no transcriptional activity in both the eye primordia and the CNS (data not shown).
Activity of conserved motifs of the second intron
To further analyze the orientation dependent CNS activity of the second intron, we compared its sequences with the ey gene of Drosophila hydei. The computer analysis identified a set of conserved motifs located in the 5 0 half of the second intron (A1 -A4 in Fig. 4A ). Intrigued by this sequence conservation, we examined LacZ expression of Dm07, which contains the motifs in the reversed orientation. Dm07 produced clear LacZ expression in most of the EY neurons in the CNS including those of the embryonic MBs (Fig. 4C) . Moreover, similar to E3.6R, Dm07 MB expression was undetected in the larval stage (Table 2) . Interestingly, deletion of the 3 0 most motif (A4) led to a significant reduction in the protocerebral expression (Dm06; Fig. 4D ). On the other hand, deletion of the 5 0 most motif (A1) led to loss of expression in the other parts of the CNS (Dm05; Fig. 4E ), demonstrating a distinct requirement of the 5 0 and 3 0 motifs for the complementary parts of the CNS.
Consistent with the sequence conservation, a homologous D. hydei construct (Hy07) faithfully reproduced the CNS expression of Dm07 (Fig. 4F) , arguing for functional conservation of the motifs between the distant Drosophila species. Furthermore, Hy07 drives LacZ in the larval optic lobes and the MB neuroblasts (Table 2) . Notably, neither Dm07 nor Hy07 was able to drive LacZ expression in the eye primordia (Table 2) . Taken together, these results indicate at least part of the transcriptional activity for the CNS expression of the ey gene is located in the conserved sequence motifs of the second intron.
Multiple upstream modules cooperatively drive ey expression in the brain
The result that the second intron constructs partly reproduced CNS expression in the reversed orientation and only at the embryonic stage prompted us to examine other regions of the ey gene (Fig. 5A ). The strong GAL4 activity of OK107 in the MBs suggested that at least a part of the CNS enhancer activity might be located in the upstream region. This is supported by a 5 kb upstream Table 2 Summary of LacZ expression in the larval brain
Symbols are same as in Table 2 . 
Expression levels are indicated with pluses. Asterisk indicate that the expression is accompanied by ectopic expression patterns. 2*, ectopic expression only. Expression levels of OK107 and endogenous EY are also indicated for comparison. See Fig. 1 for the wild type EY patterns and the abbreviations of the expressing cells.
construct (ey12) that drives strong expression in the embryonic MBs (arrowheads in Fig. 5B ). It also drives strong LacZ expression in a medio-lateral group of cells in the protocerebrum (bracket in Fig. 5B ), a pattern that overlaps with that of endogenous EY, although its relative intensity is enhanced. In addition, ey12 drives LacZ in several pairs of EY positive cells that locate mediodorsally to the protocerebral bridge. On the other hand, ey12 LacZ expression is weak in other parts of the embryonic CNS (Table 1 ). In the third instar larvae, ey12 drives robust expression in the MBs, the optic lobes and VNC neurons, mimicking the endogenous EY expression (Fig. 5C ). Close confocal examination confirmed that ey12 expression is detected in most of the MB neurons including the MB neuroblasts and their immediate progeny although ey12 expression is weak in the most peripheral cells (Fig. 5D) .
In order to examine whether the enhancer activity of the upstream region could be broken down into discrete regulatory pieces, we constructed a set of reporter lines that represent the sub-regions of ey12.
The most distal fragment UE2.0 drives LacZ in MBs and EY-b1D neurons, but not in the other regions of the CNS (Fig. 5E ). At the larval stage, UE2.0 drives weak expression in the EY neurons of the VNC but its MB expression disappears (Fig. 5F ). By contrast, UE0.8 drives LacZ in many of the EY neurons in the embryonic brain (Fig. 5G) . However, it also drives aberrant LacZ expression in some brain neurons that do not express the endogenous EY. At the larval stage, UE0.8 becomes barely detectable (Fig. 5H) .
UE2.3 drives limited LacZ expression in the embryonic brain in a few pairs of neurons in the neuromere b2 (Fig. 5I ). In the larval CNS, expression is again in a few pairs of cells in the brain although LacZ expression in VNC EY neurons is detected (Fig. 5J) .
The most proximal construct UE0.9 exhibits strong LacZ expression in MBs and many other brain neurons (Fig. 5K) . However, LacZ is also expressed in many cells that fail to overlap with the endogenous EY neurons. UE0.9 also drives ectopic LacZ expression in non-neural cells. In the larval CNS, UE0.9 expression is weak (Fig. 5L ). MB expression is limited to neuroblasts and their immediate progeny (inset of Fig. 5L) .
Thus, although all of the sub-constructs of ey12 drive LacZ in the CNS, none of them are able to recapitulate the brain expression pattern generated by the full 5 kb construct. In the larval CNS, the sub-constructs exhibit only weak or limited expression despite the strong LacZ expression of the ey12 construct. Moreover, deletion of the upstream region leads to ectopic reporter expression in the CNS. These results indicate that the regulation of ey in the CNS is complex and may depend on both repression and activation modules.
Whereas ey12 expression in the MBs is very strong, it still lacks expression in many EY neurons in the brain, especially in the embryo. We then asked whether the upstream transcriptional modules of ey12 could work synergistically with the conserved intronic motifs (Figs. 3, 4) . We made two joint constructs (ey12E and ey12ER) that connect the ey12 sequences with the second intron in alternate orientations. ey12E was able to drive LacZ in both the brain and the eye primordia, although its brain expression is weaker than ey12 (Fig. 5M,N) . On the other hand, ey12ER exhibited LacZ expression in most of the CNS neurons that express the endogenous EY although its relative expression is not proportional to the endogenous EY levels (Fig. 5O) . In addition to the eye primordia, ey12ER shows strong expression in the MBs at the embryonic stages. In the larval stage, ey12ER drives distinct LacZ expression in the MBs and the optic lobes (Fig. 5P ). Higher magnification demonstrates that ey12ER drives LacZ in most of the MB neurons (Fig. 5Q) . 
Enhancer activity and expression pattern in the adult brain
The Drosophila brain undergoes massive reorganization during metamorphosis that leads to an increase in cell number and structural complexity of its neuropils. To determine whether the enhancers identified at the embryonic and larval stages also function after metamorphosis, we analyzed the LacZ patterns of the reporter constructs in the adult brain. The 5 kb upstream fragment alone (ey12) or in combination with the second intron (ey12E and ey12ER) resulted in expression in many neurons in the adult brain where endogenous EY expression was detected ( Fig. 6G and Table 3 ). In MBs, ey12 produced clear expression in the core of the a/b lobes and a subset of Kenyon cells (Fig. 6B,E) . Weaker expression was also observed in the g-and the a 0 /b 0 lobes. Both ey12E and ey12ER exhibited stronger expression than ey12, consistent with combinatorial enhancement of the upstream and the intronic modules (Fig. 6C,F) , although its expression level was lower than OK107 (Fig. 6A,D) . Moreover, we were able to define two distinct enhancers that govern expression in the optic lobe medulla (UE2.0) and in deuto/tritocerebral neurons (UE2.3). On the other hand, UE0.9 yielded no specific pattern in the adult brain, with most lines giving no expression at all, although occasionally we did observe a broad non-specific brain staining.
Conserved cis-modules in the regulatory regions of the ey and toy genes
The LacZ reporter analyses suggest that multiple cis-modules may coordinately contribute to the ey expression pattern in the brain. To examine whether any evolutionarily conserved sequences are found in the CNS regulatory sequences, we isolated the ey homolog of D. hydei and determined its sequence. Computer-aided sequence comparison highlighted several stretches that are conserved between the ey homologs of Drosophila melanogaster and D. hydei (Fig. 7) . The proximal motif (magenta arrow) is involved in the UE0.9 fragment, consistent with its activity in the brain. The distal motif (green arrow) is located near the OK107 insertion site and is repeated in the first and second introns. Both the distal and proximal motifs are found in the upstream region of the D. hydei ey gene. Intriguingly, the distal motif is also repeated in the control regions of the D. melanogaster toy gene. Moreover, cross-genomic comparison with the recently released D. pseudoobscura genomic sequence (Bergman et al., 2002) confirms conservation of these regulatory sequences. Using the D. pseudoobscura genomic sequence, we also extended our sequence comparison to the next neighbor gene myoglianin (Lo and Frasch, 1999) , which is 2.5 kb upstream of the OK107 insertion site, but found no significant conserved stretch in the non-coding region. Table 3 Summary of LacZ expression patterns in the adult brain compartments Combined with the results obtained with the reporter genes, we propose five regulatory modules (A-E) of the ey gene that cooperatively control ey expression in various parts of the CNS. A sixth module F, harboring the Pax-6 binding sites, controls eye expression with feedback regulation by ey and toy. Enhancer activity of module A is inferred by its sequence conservation and the robust OK107 activity in the MBs. Module B corresponds to the activity of UE2.0 and UE0.8 and supports expression in MBs and other neurons. Module C corresponds to the weak and limited activity of UE2.3, which nonetheless drives ey expression in deuto/tritocerebral neurons in the adult brain. Module D corresponds to the strong but less specific activity of UE0.9 in the embryonic brain. Module E corresponds to the evolutionarily conserved activity of the second intron motifs.
Independent regulation of ey and toy in brain development
To further understand the regulatory mechanisms of the ey gene in the brain, we next looked for potential upstream regulators that may bind the CNS modules. The computer analysis identified additional Pax-6 binding sites near the 3 0 end of the first intron and at about 6 kb upstream of the first exon (Fig. 7A) suggesting that ey expression in the brain might also be controlled by a Pax-6 protein. Since ey is induced by toy in the course of normal as well as ectopic eye development (Czerny et al., 1999; Punzo et al., 2002) , we asked whether ey is similarly controlled by toy in the brain.
The expression of TOY is initiated at the cellular blastoderm stage in the procephalic neuroectoderm, which gives rise to the visual system primordia and the brain (Czerny et al., 1999; Kammermeier et al., 2001) . After germband retraction, TOY is detected in the eye primordia and the CNS, including MBs (Fig. 8A) , in a pattern partially overlapping with that of EY (Fig. 8B,C) . Confocal optical sectioning confirms significant overlap in the distribution of the two proteins in the eye primordia (arrows in Fig. 8D ) as well as several groups of cells in the developing brain such as b1D (open arrowheads), b2 (open arrows) and b1V (not shown) clusters. TOY and EY are also coexpressed in a subset of the embryonic MB neurons (arrowheads in Fig. 8D,E) . Although TOY is not expressed in the embryonic MB neuroblasts and its immediate progeny, it is expressed more broadly in most of the larval MB neurons with extensive overlap with EY (not shown but see Kurusu et al., 2000) . TOY shows limited overlapping patterns with EY in the VNC though a subset of the VNC neurons express both proteins (not shown). In addition to the overlap in expression patterns, mutually exclusive distributions of EY and TOY also were observed. For example, TOY is not expressed in EY-expressing cells that are located mediolaterally. Conversely, a number of TOY expressing neurons are negative for EY. This is particularly evident in the medial and ventral optical sections of the protocerebrum (Fig. 8E,F) .
Inactivation of toy by RNAi often resulted in loss of neurons and deformation of the protocerebrum anlage (Fig. 8G) . However, despite the deformation of the brain, EY was mostly unaffected in the brain (compare Fig. 8B ,G) and the VNC (not shown). This is also the case for the neurons that coexpress EY and TOY in the wild type brain (open arrows and arrowheads). In contrast, the expression of EY in the eye primordia was suppressed by toy inactivation (compare Fig. 8B,G) confirming the notion that ey is controlled by toy in eye development. Similar results were obtained for brains of toy hdl mutants (Fig. 8H ), a strong allele, which encodes a truncated inactive protein (Kronhamn et al., 2002) . In toy hdl embryos, TOY was not detected by an anti-TOY antibody raised against the carboxy terminus of the protein.
We next asked whether EY is part of a positive autoregulatory feedback loop using the ey12ER reporter embryos (Fig. 8I) . Suppression of ey by RNAi in ey12ER embryos abolished LacZ expression in the eye primordia (Fig. 8J) , demonstrating that ey is part of a feedback loop in the eye primordia. The reporter gene expression in the brain and the VNC, in contrast, was mostly unaffected by the interference of the ey RNA.
Since ey and toy have partially redundant functions in eye development (Punzo et al., 2002) , we then examined whether both genes could redundantly control ey in the brain. While the LacZ expression in the eye primordia is clearly suppressed (compare Fig. 8I,K) , CNS expression including that of MBs (arrowhead in Fig. 8K ) is again unaffected by double interference of ey and toy despite slight deformation of the CNS, which is likely to be caused by partial loss of TOY neurons.
Lastly, we examined whether ey could in turn control toy in the embryonic brain since the sequence analysis reveals several Pax-6 binding sites in the toy gene (Fig. 7A) . Inactivation of EY in a null mutant ey J5.71 did not alter TOY expression either in the eye primordia or in the brain (Fig. 8L) , arguing for parallel and independent transcriptional control of the two Pax-6 genes in the Drosophila brain. 
Discussion
The Drosophila genome harbors two Pax-6 genes, ey and toy, which are expressed during development of the eye and CNS. In addition to its role as key regulatory gene in eye development, ey has pivotal functions in MB development. However, the regulatory mechanisms of its CNS expression are largely unknown. In this work, we have described a systematic dissection of the intronic and distal regulatory regions of the ey gene and showed that multiple enhancer modules act synergistically to define the ey expression pattern in the CNS. Cross-species comparison of the ey regulatory regions revealed several conserved stretches between the ey genes of distant Drosophila species, as well as between the ey and toy genes. Moreover, our results demonstrate that ey and toy are independently controlled in CNS development, contrasting to the fact that ey is controlled by toy and ey in eye development. The work presented here provides a detailed description of the ey regulatory regions necessary for the expression in the embryonic, larval and adult brains, and offers important information for the understanding of the regulatory mechanisms that governs the brain development by the two Pax-6 genes.
Multiple cis-acting modules cooperatively control ey in the brain
The problem of the organization and function of multiple regulatory modules is of particular importance for understanding the regulation of Pax-6 genes, which participate in multiple developmental processes. Previous molecular and genetic analyses of the cis-regulatory sequences of the ey gene led to the identification of the eye-specific enhancer at the 3 0 end of the second intron (Hauck et al., 1999) . Despite its robust transcriptional activity in the eye, we have shown that minimal eye fragments such as 5D12 and D02 lack the potential to drive the LacZ reporter in the CNS, highlighting distinct requirements of cis-regulatory regions in the eye and CNS. In contrast, the E3.6 intronic fragment is able to drive CNS expression in reversed orientation, indicating a neural enhancer at the 5 0 end of the second intron, where conserved CNS motifs are confirmed.
Apart from the intronic enhancer, we have also demonstrated that a 5 kb upstream sequence drives strong LacZ expression in the CNS, including the MBs. This result is consistent with the robust MB activity of the GAL4 enhancer trap OK107, which is inserted 6.5 kb upstream of the first exon. Intriguingly, deletion analysis of the upstream region results in complex expression patterns that only partially overlap with the endogenous EY pattern, with occasional ectopic activation of LacZ expression. Thus, our results argue for the existence of both positive and negative enhancer modules in the upstream and intronic sequences that cooperatively define most of the developmental expression pattern of ey in the CNS.
On the other hand, we also noticed that the LacZ expression of ey12ER does not faithfully represent the endogenous ey patterns. This is particularly evident in the embryonic brain, in which expression of ey12ER is detected in virtually all the EY positive neurons but its strength is not proportional to the endogenous EY levels (Fig. 5O,P) . Perdurance of LacZ protein might account for part of this discrepancy. Alternatively, it could be that additional modular elements are required to further refine the expression levels in different neurons. It is also noteworthy that none of the constructs drives LacZ expression in the pars intercerebralis, lateral horns and lateral neurons in the adult brain (Table 3 ). These results suggest that enhancers for the expression of these adult neurons might be missing in the current series of reporter constructs. Indeed, it has been shown that regulatory elements located at the 3 0 end of the mouse Pax-6 gene control a part of expression in the developing pretectum, neural retina and olfactory region (Griffin et al., 2002) . Another set of reporter constructs and/or novel 3 0 enhancer trap lines are required to clarify this point.
Parallel transcriptional control of ey and toy in brain development
In Drosophila eye development, ey and toy function as key regulatory genes. Ectopic activation of either ey or toy results in formation of ectopic eyes with toy acting upstream of ey. Work of the past years reveals that the gene circuit controlled by ey and toy in the developing eye involves a feedback network. Apart from ey and toy, several genes including so, eya and dac have been identified in eye development (reviewed in Desplan, 1997; Pichaud et al., 2001) . Analysis of regulatory interactions of these genes in eye development has revealed an intricate control network, in which combinatorial expression of either EYA/SO or EYA/DAC induces ectopic eye formation through feedback activation of the ey gene. Moreover, it has been shown that, although EY and TOY are coexpressed in the eye primordia, the two Pax-6 proteins bind similar but distinct binding sequences (Czerny et al., 1999; Punzo et al., 2002) . Further molecular studies have shown that EY and TOY have distinct biological functions in visual system development, in which EY and TOY are differentially required for compound eyes and ocelli, respectively (Punzo et al., 2002) .
In addition to its pivotal role in eye formation, ey plays important roles in axonal outgrowth of the MBs and the proper formation of the central complex structures (Kurusu et al., 2000; Noveen et al., 2000; Callaerts et al., 2001 ). In the brain, EY and TOY display partially overlapping expression patterns and are expressed in MBs. By contrast, both so and eya are not expressed in the developing MBs, but are expressed in several other regions of the brain with only a marginal overlap with EY expression (Kurusu et al., 2000) , indicating a distinct combinatorial code of nuclear transcription factors in MB development as compared to eye formation.
Early in embryonic development, TOY expression is initiated in the prospective head ectoderm and subsequently in the eye primordia, VNC and various regions of the developing brain (Czerny et al., 1999; Kammermeier et al., 2001) . In contrast, expression of EY is first detected in the VNC before the onset of TOY and subsequently in the eye primordia and in the brain, in which EY is expressed in several cell clusters including the embryonic MB primordia (Quiring et al., 1994; Czerny et al., 1999; Kurusu et al., 2000; Noveen et al., 2000; Kammermeier et al., 2001) .
The expression patterns of the two Pax-6 proteins partially overlap in the developing CNS. By confocal optical sectioning, we have confirmed that EY and TOY are indeed coexpressed in several groups of cells in the developing brain, including the MBs. Despite these overlapping expression patterns, mutant analysis and RNAi experiments have demonstrated that ey and toy are transcriptionally independent in the CNS. This observation contrasts with the feedback regulatory network in eye development, but it may well be that such seemingly complex and parallel regulatory factors provide a higher degree of freedom for combinatorial interactions and as such enable the generation of highly diverged cell types in the CNS.
Regulatory mechanisms of Pax-6 genes in mice and flies
Although initially identified on the basis of its role in eye development, in vertebrates Pax-6 genes are involved in development of the brain and of several other tissues (Stoykova et al., 1996) . Consistent with a role of Pax-6 in different tissues, it has been shown that the complex tissuespecificity of the mouse Pax-6 expression pattern is governed by a highly coordinated system of transcriptional regulatory elements. Expression of the mouse Pax-6 gene is differentially regulated by three promoters, P0, P1 and Pa, which act in combination with distinct regulatory enhancers (Kammandel et al., 1999; Xu et al., 1999; Anderson et al., 2002; Griffin et al., 2002) . Regulatory elements upstream of the P0 promoter are required for Pax-6 gene expression in the developing pancreas and in ectodermally derived eye tissues such as the lens, cornea, lacrimal gland, and conjunctiva. On the other hand, another regulatory element located upstream of the P1 promoter mediates Pax-6 expression in the dorsal telencephalon, hindbrain and the spinal cord. A third element upstream of the a promoter drives expression in the neural retina. These enhancer elements are conserved among distant vertebrate species including pufferfish, mouse and human and contain DNA sequences that are potential targets of developmental regulatory factors.
Our analysis reveals that Drosophila ey is also regulated by combinations of distinct regulatory modules. Intriguingly, the eye-specific enhancer in the second intron of the Drosophila ey gene directs eye and CNS expression when introduced in transgenic mice, suggesting that upstream regulatory mechanisms of the Pax-6 genes in eye development may in part be shared by flies and vertebrates (Xu et al., 1999) . In line with an apparent functional equivalence, DNA sequences of the eye regulatory regions of Drosophila ey and mouse Pax-6 genes share a short stretch of sequence similarity (Xu et al., 1999) . However, the similarities between the CNS enhancers of the Drosophila ey and mouse Pax-6 genes are limited to very short stretches (Y.A. and K.F.T., unpublished). Some of them correspond to binding sites of conserved transcription factors such as Jun, Snail, CREB, and AP1. These sequences are also present in the motifs conserved between the D. melanogaster and D. hydei ey genes. Cross-species transgenic studies will be necessary to further assess the functional significance of these short stretches for brain expression patterns in mouse and Drosophila.
The cellular and molecular cascades controlling early brain development are yet to be elucidated in Drosophila particularly for the processes involved in the specification of the procephalic neuroblasts and the induction of the brain anlagen from the ectoderm. The fact that ey expression in the brain is unaffected in the absence of toy activity indicates that unidentified factors other than toy have critical functions in the initiation of ey in the developing brain. Identification of nuclear regulatory factors as well as signalling molecules responsible for the initiation and maintenance of the ey and toy genes in the early brain development will contribute to our understanding of the molecular mechanisms of brain patterning by the Pax-6 genes in both flies and vertebrates.
Experimental procedures
Drosophila stocks
Fly stocks used in this work are the OK107 GAL4 enhancer trap line (Connolly et al., 1996) , ey 2 (Quiring et al., 1994) , UEE3 (Niimi et al., 2002) , toy hdl (Kronhamn et al., 2002) , ey J5.71 (Punzo et al., 2002) , UAS-ey (Halder et al., 1995) , and UAS-toy (Czerny et al., 1999) . The LacZ lines carrying ey cis-regulatory elements were generated as described (Hauck et al., 1999) . Multiple transformant lines were analyzed for each LacZ construct. E3.6R, 3D27, 5D12 and D02 are described in Hauck et al. (1999) .
Immunocytochemistry and confocal microscopy
Immunological staining was done as described (Kurusu et al., 2002) . Rabbit anti-EY (U.W., unpublished) diluted 1:300, rat anti-EY (U.W., unpublished) diluted 1:300, and rabbit anti-TOY antibodies (U.W., unpublished) diluted 1:300 were used. Images were generated using a Zeiss LSM510 confocal microscope. After PCR amplification, double-stranded RNA was synthesized by transcription with T7 RNA polymerase and simultaneous annealing. Equal volumes of the doublestranded RNA (approximately 1 mg/ml each) for the separate targets were mixed and injected with a Transjector (Eppendorf) into fly embryos at stage 5. After injection, embryos were raised at 18 8C for 24 h before fixation. Absence of target gene expression was confirmed by immunostaining with either anti-EY or anti-TOY antibody.
Sequence analysis
The genomic sequences of the D. hydei ey gene were cloned in pBluescript SK þ and sequenced as a service (Seqwright, Houston, TX). The sequence has been deposited in the GenBank database (accession no. AY265960). Sequence similarity was analyzed by using MacVector (Accelrys).
